1 . This strengthening has been associated with east Pacific sea surface cooling 2 and the early twenty-first-century slowdown in global surface warming 2,3
, amongst a host of other substantial impacts [4] [5] [6] [7] [8] [9] . Although some climate models produce the timing of these recently observed trends 10 , they all fail to produce the trend magnitude 2, 11, 12 . This may in part be related to the apparent model underrepresentation of low-frequency Pacific Ocean variability and decadal wind trends 2,11-13 or be due to a misrepresentation of a forced response 1 Given the importance of the recent Pacific wind trends [2] [3] [4] [5] [6] [7] [8] [9] , it is vital to determine why climate models do not produce Pacific surface wind 2 and sea level 11 trends as strong as those observed. Hypotheses include some missing or misrepresented climate model dynamics (for example, downward mixing of momentum in the atmospheric boundary layer 12 ), or model mean-state biases impacting the variability of the Pacific trade winds 19 . Here, with the aid of targeted model experiments, we seek to identify the role of common mean-state biases in the Atlantic region on the representation of trans-basin variability (TBV).
Previous work using the Community Atmospheric Model version 4 (CAM4) identified the prominent role of the Atlantic Ocean SST trends in driving the intensification of tropical Pacific trade winds 12 . A series of partially coupled (PARCP) CAM4 simulations, with the observed 1992-2011 SST trend 21 prescribed over the Atlantic basin and a slab mixed-layer ocean in the Pacific basin (Supplementary Fig. 1 ; Table 1 of ref. 12 ), showed Pacific SSTs cool in response to the remote observed Atlantic SST trend forcing. These results demonstrated that the recent Atlantic warming generates a trans-basin response over the 1992-2011 period (see Methods), which includes a strengthening of the central Pacific wind stress ( Supplementary Fig. 1f ) that accounts for a large portion of the strengthening found in a CAM4 simulation forced by the global SST trend ( Supplementary Fig. 1d ). This model-model comparison was done as observational uncertainties exist 5 , and the atmospheric models, although they produce the broad spatial pattern of the recent trends well, considerably underestimate the magnitude of surface winds 12 (see Methods). This intensification of the Pacific trade winds generates an eastern tropical Pacific cooling ( Supplementary Fig. 1e ), which enhances the trans-basin response and closely resembles both those observed SSTs ( Supplementary  Fig. 1a ) and natural Pacific Ocean multi-decadal SST variability 22, 23 .
To understand the impact of model biases, we have carried out a new series of CAM4 simulations, each with 20 ensemble members. This ensemble uses the same prescribed SST trend forcing in the Atlantic basin as described above and a slab mixed-layer ocean in the Pacific basin. However, here, the ensemble mean monthly SST bias of the multi-model Coupled Model Intercomparison Project phase 5 (CMIP5) 24 is added to the Atlantic basin such that the climatology of the Atlantic Ocean would represent the CMIP5 model average rather than the observations (Supplementary Fig. 2 ; Supplementary  Fig. 1 ). It is clear from the response in this experiment ( Fig. 1 ) that although the intensification of the Pacific trade wind still occurs, on average it is less than two-thirds of the magnitude of the trend that occurs in the simulations with the observed climatology in the Atlantic Ocean ( Fig. 1 and Supplementary Fig. 3 ; see Supplementary  Table 2) . A similar underestimated response is found for the SST cooling trends in the eastern/central Pacific in this simulation, when compared with the experiment with prescribed observed climatology ( Fig. 1e ; see Supplementary Table 3 ). This change in the magnitude of the Pacific Ocean trends highlights the prominent role that the Atlantic Ocean background state plays in the inter-basin connectivity of the model, while also raising the question of why the background state has such a pronounced impact.
To better understand the dynamics of how the Atlantic background state impacts the acceleration of Pacific trade winds, we carried out another two sets of CAM4 simulations (each with 10 ensemble members) that do not include coupled Pacific air-sea interactions (Supplementary Table 1 Table 1 ). The difference between the two experiment sets is the Atlantic SST background state, as one uses the observed whereas the other has the ensemble mean CMIP5 climatological SST bias added.
The equatorial vertical atmospheric velocity response in these CAM4 simulations with observed Atlantic climatology reveals that the Atlantic basin SST trend alone leads to an upward motion ( Fig. 2a ) and increased precipitation (Fig. 3a) trends over most of the Atlantic region and descending drying trend elsewhere (Figs. 2a, 3a and Supplementary Fig. 4b ). This is consistent with the circulation expected from a Matsuno-Gill response 25 , with descending air either side of the heating anomaly (upward motion trend), which directly links SSTs in the Atlantic region with the Pacific Ocean Walker circulation 17, 18, 26 (Fig. 4a) . Adding the CMIP5 bias to the Atlantic region acts both to reduce ascending motion in the Atlantic region between 90 o W and 30 o W by approximately a quarter and to shift the maximum ascending motion trends eastwards (Fig. 2d,e, Supplementary Fig. 4b and Supplementary Fig. 5 ). The changes in Atlantic-region vertical velocity with the addition of the CMIP5 bias are consistent with the changes in (i) velocity potential in the near-surface layers ( Supplementary Fig. 6a,d ,e); and (ii) the total SST altering the regions of the Atlantic region that are above or below the threshold for deep convection 27 ( Fig. 3c) , both of which lead to reduced precipitation trends in the northwest tropical Altantic and increased precipitation in the southeast tropical Atlantic (Fig. 3c and Fig. 4) .
In terms of the Pacific basin changes, the observed ensemble mean for the Atlantic climatology experiments display a clear northward migration of the eastern Pacific Intertropical Convergence Zone (ITCZ) in response to the Atlantic SST trend (Fig. 3a) 28 . The addition of the CMIP5 Atlantic bias enhances the descending motion trend in the west and east Pacific (135° to 90° W and 135° to 180° E, respectively), while reducing the descending motion trend in the central Pacific (180° E to 135° W) (Fig. 2d,e and Supplementary Fig. 4 ), both of which are consistent with a weakening and eastward shift of the Atlantic heating anomaly ( Supplementary Fig. 5 ). The CMIP5 bias-induced vertical velocity changes are also apparent in the trends in velocity potential at lower levels ( Supplementary Fig. 6 ) and in rainfall in the east and west equatorial Pacific (Fig. 3c) . Focusing on the ITCZ in the east Pacific, there is no sign of northward migration when the Atlantic region CMIP5 bias is present, with the region instead displaying decreasing rainfall trends (Fig. 3b) . This enhances the impression that the CMIP5 bias has acted to shift the vertical velocity trends in the unbiased experiment eastward ( Fig. 4 and Supplementary  Fig. 5 ). The addition of the CMIP5 Atlantic SST bias also leads to decreasing southwesterly winds in the ITCZ region of the northeast tropical Pacific (Supplementary Fig. 3c,d ; Supplementary Fig. 7c,d ) and the reduced amplitude of easterly wind speeds in the western/ central equatorial Pacific (Supplementary Fig. 3c,d ; Supplementary  Fig. 7c,d ). These reductions in wind speed and precipitation in the east and west tropical Pacific, relative to the observed climatology experiment, lead to a corresponding surface warming by, respectively, reducing surface latent heat fluxes in each region and increasing the amount of incoming solar radiation ( Fig. 4 ; Supplementary  Fig. 7a ,d and e; Supplementary Fig. 8a,d and e) .
Altering the magnitude of the Atlantic bias in a series of additional sensitivity experiments reveals a reduction in west tropical Atlantic rainfall ( Supplementary Fig. 9c ,e and g) and vertical velocity trends ( Supplementary Fig. 10c ,e and g) as the CMIP5 SST bias magnitude increases. It is clear that as the bias magnitude increases, the magnitude of central Pacific descending air (180° E and 135° W) also decreases, whereas the magnitude of descending air occurring to the west and east of this region (between 135° E and 180° E, and 135° W and 90° W) increases ( Supplementary Fig. 4) . Again, these changes in vertical velocity trends are consistent with a weakening and eastward shift of Atlantic convection as the bias magnitude increases ( Supplementary Fig. 5 ). The increase in the rate of descending air in east and west Pacific leads to a corresponding reduction in precipitation trends ( Supplementary Fig. 9c,e and g ) and an associated increase in the incoming solar radiation displayed in these regions ( Supplementary Fig. 8 ), both of which scale with the magnitude of the Atlantic bias ( Supplementary Fig. 11c  and d) . Decreases in latent heat fluxes (that is, leading to relative ) and the vertical velocity, which is magnified by a factor of 100 to make its scale comparable to the zonal wind. b, As in a, but for the CAM4 experiment forced with the same Atlantic SST trend overlaying the biased CMIP5 climatology, where SSTs are again set to climatology in the Pacific and Indian Oceans. The difference between b and a is presented in c. Figs. 7 and 11 ). Although these changes in latent heat flux are largely related to changes in wind speed, there is a role for changes in surface-level specific humidity between the normal and double Atlantic bias runs ( Supplementary Fig. 11 ). Both of these changes scale with the magnitude of the Atlantic bias and act to warm the Pacific SSTs relative to experiment with the observed Atlantic climatology: that is, the larger this Atlantic SST bias, the larger the cooling reduction found in the northeast and west Pacific.
When these sensitivity experiments to CMIP5 bias magnitude are carried out in a partially coupled setting (Supplementary Table 1 ), the differences in Pacific region surface heat fluxes and surface radiation ( Supplementary Figs. 7,8 ) due to the addition of the CMIP5 Atlantic bias lead to substantial differences in the magnitude of Pacific SST cooling and trade wind intensification (Fig. 5a,b,d,f) . As expected, the magnitude of central Pacific SST cooling decreases as the Atlantic bias increases (Fig. 5c ,e,g; Supplementary Table 3) . Neither the Pacific trade winds nor SST responses scale linearly with the magnitude of the Atlantic Ocean bias, which again hints at nonlinear processes such as atmospheric convection underlying the interbasin connection seen in the AGCM simulations. However, (i) there is a consistent relationship between each simulation's TBV trend and the simulated Pacific wind trends; and (ii) the magnitude of the TBV trends decrease as the Atlantic SST bias increase ( Supplementary Fig. 12 ).
These findings reveal that although the enhanced Atlantic warming since the early 1990s has contributed to an unusually rapid acceleration of the Pacific trade winds, this trade wind strengthening is substantially underestimated when the same warming is superimposed on the biased SST background state of the CMIP5 models. The underestimation largely stems from the added bias altering the regions that are above/below the convective threshold, as it reduces the atmospheric heating response to the tropical Atlantic warming trend and shifts it eastward. Two points are worth noting: (i) the model's underestimation of equatorial Pacific winds makes it hard to determine exactly how much of the observed changes can be accounted for by the Atlantic SST trends; and (ii) although our use of a slab ocean model in the Pacific region (rather than a dynamical ocean) helped to focus our analysis on atmospheric dynamics, the magnitude of the Pacific response may change if a dynamical ocean model is used. On the latter point, similarities in the results of previous studies 12, 17 lead us to believe that any differences due to the choice of ocean model will be relatively small. Despite focusing on only one multi-decadal period in this manuscript, we can infer from these results that mean state biases apparent in the CMIP5 Atlantic region SSTs may help to explain the underestimation of Pacific decadal variability in these models. This adds to an underrepresentation of the downward mixing of momentum through the atmospheric boundary layer in these models 12 
Letters
NATure ClimATe CHANge CMIP5 models underestimate Pacific decadal variability, there is clear risk of false-positive detection and attribution statements as model-generated natural internal variability is used as the estimate of 'noise' in detection and attribution studies. Under the hypothesis that the tropical Atlantic warming trends were instead largely externally forced, this would mean that models may underestimate negative feedbacks in the system such that an Atlantic warming leads to a reduction of global warming, at least on decadal timescales. Although there has been a healthy discussion in the literature about large-scale hemispheric Atlantic SST trends 29, 30 , here it is unclear whether the same drivers are responsible as we identify the Atlantic tropical region as being the most influential.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41558-018-0163-4. Table 1 ). In these experiments, atmospheric gas concentrations, including greenhouse gasses and aerosols, were held fixed at year 2000 levels. For the SST-forced experiments, SSTs are prescribed everywhere as boundary conditions. The SST forcing in these experiments includes as components-depending on the experiment-the observed climatological SSTs 21 , the observed 1992-2011 SST trend in the Atlantic Ocean
21
, and seasonal amplitude variations of the CMIP5 24 multimodel mean SST bias in the Atlantic (Supplementary Fig. 2c ).
For the partially coupled experiments, CAM4 is coupled to a slab ocean model 12, 32 in the Pacific Ocean and high latitudes (polewards of 55° latitude), which includes annual mean mixed-layer depth at each spatial location and allows ocean mixed-layer temperatures to adjust to anomalous atmospheric heat fluxes. To avoid sharp SST gradients, we use a buffer zone between the slab ocean and regions of prescribed SST forcing such that the SSTs in these buffer regions are gradually merged (over 5 o latitude) with the prescribed SSTs. The SST (T) tendency equation for the mixed-layer model 33 reads:
where F net is the surface net energy balance at each time step, ρ is the sea water density, C p the specific heat of sea water and H mix the observed annual mean ocean mixed-layer depth 34 . The climatological heat flux, Q flxclim , is calculated from:
where F net and dT clim /dt are calculated from a 30-year SST-forced CAM4 control simulation in T42 resolution forced with the prescribed modern SST climatology 35 . All SST-forced and partially coupled CAM4 experiments are integrated for a oneyear spin up before starting the respective 1992-2011 experiments. The selection of a slab ocean allows us to focus precisely on differences in the atmospheric teleconnections between the Atlantic and Pacific basins in the absence of ocean dynamical differences.
Two main groups of CAM4 experiments make up the suite of partially coupled experiments for this study. In both sets of these partially coupled experiments, we prescribe the 1992-2011 SST trend in the Atlantic while allowing the ocean in the Pacific basin and high latitudes to integrate the anomalous atmospheric heat fluxes using a slab ocean model. In the Indian Ocean, climatological SSTs (without trend) are prescribed. The difference between the two sets of experiments is in the Atlantic region background state SSTs, as one set of experiments has the observed climatological background state whereas the other has the ensemble mean monthly varying CMIP5 bias added. The addition of the monthly CMIP5 bias results in the model Atlantic region climatology representing that of the average CMIP model rather than the observations. A summary of these simulations can be found in Supplementary Table 1 .
Statistics information. Statistical significance of the linear trends at each grid cell is calculated on the ensemble mean, where the F-statistic is used to determine whether the trend slope is significantly different from zero above the 95% confidence level. Here we use the variance inflation factor to define the effective sample size, as detailed elsewhere 36 . Significant differences (P < 0.05) between the mean trends of the different experiment ensembles are identified using a two-sample t-test on the distributions of ensemble member trends from each of the experiments. Fig. 1a-d) very well (spatial correlation of 0.68 and 0.67 for zonal and meridional stresses, respectively), the global SST trend forced CAM4 simulations produce ensemble mean wind stress trends for the equatorial region (8 o S to 8 o N and 180 o E to 210 o E) that are on average ~45% of the size of the observed trend (which is − 1.8 × 10 −3 N m −2 yr −1 over the same period). Observational uncertainties are known to exist in the magnitude and structure of the recent trade wind intensification 5, 37 . However, it is noted that the underestimated magnitude of the SST trend forced CAM4 ensemble wind stress response is consistent with: (i) the weaker response for this period simulated by an ensemble of 25 models of SST anomaly-forced Atmospheric General Circulation Model (AGCM) experiments conducted as part of the Atmospheric Model InterComparison Project, version 5 (ref. 12 ); and (ii) the weaker atmospheric response of ENSO events 38 . The earlier study 12 alluded to issues in the downward mixing of momentum through the atmospheric boundary layer as being at least partly responsible for this bias, as the underrepresentation of the wind trends was much less apparent at the 850 hPa height. Thus, comparison of our global SST trend forced wind trends at 850 hPA with those observed (ECMWF interim reanalysis 39 ) reveals that the model has magnitudes closer to those observed, with trend magnitudes that are on average 62% of the observed value of − 0.19 m s −1 yr −1 . Here, we focus on identifying the dynamics underlying Pacific trade wind acceleration by comparing our PARCP experiments to the winds represented by the global SST trend forced CAM4 simulation. This model versus model comparison is carried out rather than comparing our PARCP experiments with the observations, as a model versus observation comparison includes the known model biases along with the dynamical driver of the trade wind acceleration that we are looking to better understand.
Model versus observed
Trans-basin variability. The definition of TBV used here follows ref. Fig. 13a ).
Data availability. The data that support the findings of this study are available from the corresponding author upon request.
references

